1. Introduction {#sec1}
===============

Plasmons are collective excitations of conduction electrons in metallic particles. For nanoparticles, the resonant surface plasmon modes are highly sensitive to the geometry of the particles and can therefore be tuned by controlling the morphology and/or the size of the structures. In this manner, nanostructures with a specific electromagnetic response can be designed, resulting in a wide variety of possible applications such as sensors^[@ref1]^ and nonlinear optical devices.^[@ref2],[@ref3]^ Plasmon modes in metallic nanoparticles can be excited by using an optical excitation or a high-energy electron beam passing near the nanostructure. Scanning near-field optical microscopy (SNOM) can be used to visualize plasmon modes, but this technique yields limited spatial resolution (∼50 nm) due to the aperture size of the scanning tip.^[@ref4]^ When using high-energy electrons to excite the plasmon modes, spectral maps can be obtained with nanometer scale spatial resolution. Cathodoluminescence (CL) collects the emitted optical radiation and can therefore be used to map the so-called bright modes.^[@ref5]^ Interestingly, a combination of bright and dark plasmon modes can be visualized when recording the energy loss of the interacting electrons.^[@ref6],[@ref7]^ Due to the possibility of combining a good spatial resolution (∼Å) and energy resolution (∼0.1 eV), such electron energy loss spectroscopy (EELS) experiments performed in a scanning transmission electron microscope (STEM) recently became very popular when mapping the different surface plasmon modes in nanostructures. The technique was used to map the plasmon resonant modes in different structures such as Au and Ag nanorods,^[@ref8]−[@ref10]^ Ag triangles,^[@ref11]^ Au dumbbells,^[@ref12]^ bow-tie antennas,^[@ref13]^ nanocubes,^[@ref14]^ and many others. As an alternative to EELS, energy filtered TEM (EFTEM) imaging, using an energy selecting slit, can be used for the mapping of plasmonic resonances as well.^[@ref10],[@ref15]^ Until now, plasmon mapping was typically performed on either isolated metallic nanoparticles, dimers of nanoparticles,^[@ref16]−[@ref18]^ or arrays of nanoparticles synthesized by using lithography techniques.^[@ref11],[@ref13],[@ref19],[@ref20]^ Electron lithography is an example of a top-down approach where a desired structure can be etched from a bulk material. However, due to the increased miniaturization of electrical and optical components, this technique becomes more challenging and time-consuming and alternatives are desirable. In this respect, the directed self-assembly of nanoparticles has been recently identified as a useful and versatile process where the building blocks become spontaneously organized into ordered structures by thermodynamic and other constraints.^[@ref21]^ Directed self-assembly of nanoparticles can thus be guided by either tailoring the intrinsic features of nanoparticles,^[@ref22]^ an external force that induces and guides the self-assembly,^[@ref23]^ or a combination of both.^[@ref24]^ Recently, plasmon mapping has been applied to linear chains of nanoparticles^[@ref25],[@ref26]^ and on clusters of nanoparticles assembled on DNA strands,^[@ref27]^ but these results have only been obtained on spherical nanoparticles yielding a limited number of plasmon resonances.

In this work, we carried out a detailed characterization of ordered Au\@Ag nanocube arrays by high-angle annular dark field (HAADF) STEM imaging and EELS, which revealed interesting plasmonic properties with an increased flexibility as compared to their single particle counterparts. This is of great importance since self-assembly may lead to well-defined assemblies with a variety of morphologies, thereby offering the possibility to observe unusual modes by plasmon coupling. Au\@Ag core--shell structures are of high interest because of the increased field enhancement provided by Ag nanoparticles as compared to, for example, Au or Cu.^[@ref28],[@ref29]^ In the particular case of Au octahedrons, it has been reported that silver growth leads to an external cubic morphology.^[@ref28]^ Ag nanocubes and their assemblies can be used for various plasmonic applications, for example, as substrates for surface-enhanced Raman scattering (SERS)^[@ref30]−[@ref33]^ or as plasmonic reporters of molecular chirality.^[@ref34]^

2. Experimental Section {#sec2}
=======================

The individual nanocubes were synthesized by the seeded growth of Ag on preformed Au nanoparticles with octahedral shape.^[@ref35]^ More details about the sample preparation can be found in the [Supporting Information](#notes-1){ref-type="notes"}. The average size of the Au\@Ag nanocubes is approximately 70 nm whereas the length of a \[110\] ribbon in the octahedron equals 36 nm.

For the mapping of the plasmon resonances, HAADF-STEM imaging is combined with monochromated STEM-EELS. Using HAADF-STEM, a fine electron probe scans across the sample. All the electrons that have scattered to relatively large angles are collected, yielding an image in which the intensity scales with the thickness of the sample and with a power of the average atomic number of the atoms in the sample Z^1.7^.^[@ref36]−[@ref38]^ In STEM-EELS the probe is scanned while the transmitted beam is collected in a spectrometer, recording an electron energy loss spectrum for every pixel in the raster which allows the point by point measurement of the energy loss probability to be measured. All experiments were performed on an aberration-corrected cubed FEI Titan 50--80. The microscope was operated at a high tension of 300 kV, using a probe semiconvergence angle of 21.4 mrad. During the acquisition, a monochromated electron probe is used yielding a fwhm of the zero-loss peak of 0.17 eV. For the acquisition of the plasmon maps, a pixel size of 2 nm is used with a spectrum collection time of 0.02 s. To extract quantitative information from the spectra, they are normalized by dividing each spectrum by its integrated intensity. Next, a power law background model is applied to estimate the contribution of the zero-loss peak. Plasmon maps are obtained by using an energy selecting window that is positioned at the desired energy losses (width = 0.2 eV).

The theoretical simulations of the plasmon modes are performed with the MNPBEM toolbox based on the boundary element method (BEM).^[@ref39]−[@ref42]^ Within this simulation method the boundaries between different materials are discretized by using a geometrical mesh, and then the Maxwell equations are solved by using these boundary conditions. The MNPBEM toolbox adopts in particular a potential based approach that employs the Maxwell equations for the scalar and vector potential, thus reducing the number of components that need to be considered. The dielectric functions of Au and Ag are extracted from optical data.^[@ref43]^ The influence of the SiN support is neglected in the simulations.

3. Results and Discussion {#sec3}
=========================

3.1. Plasmon Mapping on Isolated Cubes {#sec3.1}
--------------------------------------

The use of Au\@Ag nanocubes in comparison to pure Ag nanocubes provides access to a larger size range, which facilitates the formation of arrays on the TEM grids.^[@ref44]^ However, the presence of the Au octahedron core may also influence the plasmon modes of single nanocubes. For comparison, pure Ag nanocubes of similar (slightly smaller) dimensions were synthesized by the polyol method. A HAADF STEM projection of both types of particles is displayed in Figure [1](#fig1){ref-type="fig"}, with the heavier Au core appearing brighter than the Ag shell in Figure [1](#fig1){ref-type="fig"}B. For both structures, EEL spectra were recorded at different locations, revealing the presence of multiple plasmon resonances, as previously reported.^[@ref14]^ The background subtracted spectra are displayed in Figure [1](#fig1){ref-type="fig"}, whereas the unprocessed spectra are displayed in the [Supporting Information](#notes-1){ref-type="notes"} (Figure S1). The background subtracted spectra show three distinct plasmon resonances at energy values of 2.2, 3.2, and 3.6 eV (corresponding to wavelengths equal to 564, 387, and 354 nm, respectively) for the pure Ag nanocubes and at 1.9, 3.1, and 3.5 eV (653, 400, and 354 nm) for the Au\@Ag core--shell nanocubes. Note that the peak at 3.1 eV seems to shift depending on the spatial position of the electron probe resulting in a shoulder in the spectra. However, this shift is only apparent and caused by the tails of the neighboring peaks as demonstrated with a fit to three Lorentzians at fixed energies in Figure S2, [Supporting Information](#notes-1){ref-type="notes"}.

The UV--vis spectra from solutions containing the Au\@Ag nanocubes are displayed in the [Supporting Information](#notes-1){ref-type="notes"}, Figure S3. Using these energy values, a map of each plasmon mode was obtained as reported in the [Experimental Section](#sec2){ref-type="other"}. It can be seen that the two modes with the lowest energy have the highest probability to be excited at the corners of the particles, whereas the third mode is best excited at the side faces. This probability is related to the modulus squared of the component of the local field enhancement parallel to the beam direction.^[@ref45]^

Further insight into these observations was obtained by comparing the experimental data to simulations. It must be noted that the energy resolution of these simulations is better because they do not suffer from experimental limitations. As can be seen from Figure [1](#fig1){ref-type="fig"}, both the calculated energy levels and the spatial distribution of the energy loss probability are in good agreement with the experiments. After comparison of the experimental spectra of Au\@Ag core--shell nanocubes with those of pure Ag nanocubes, it can be concluded that the influence of the Au core is negligible for this type of nanostructures within the present dimensions and thus pure silver nanocubes were considered for the BEM simulations in the remainder of this work.

![Comparison of plasmon modes between Au\@Ag and Ag nanocubes. Both experimental data (left) and BEM simulations (right) indicate that there are only small differences between the response of Au\@Ag core--shell nanocubes and pure Ag nanocubes. Both particles show three distinct plasmon modes that are most easily excited at either the corners or the edges of the nanocubes. The energy loss of the different modes can be observed in the background subtracted experimental and simulated energy loss spectra. These spectra are acquired at the positions that are indicated in panels A, B, I, and J. The color map is scaled between 0 and the maximum value which equals 0.171%, 0.447%, 0.496%, 0.145%, 0.263%, and 0.290% of the total integrated intensity for panels C--H, respectively.](jp-2014-02584t_0001){#fig1}

3.2. Plasmon Mapping on Arrays of Nanocubes {#sec3.2}
-------------------------------------------

When the Au\@Ag nanocube dispersion was dried on a 30 nm thick SiN support grid, particles were found to self-assemble into a variety of ordered structures where a side-by-side arrangement is most commonly observed. A few examples of such assemblies yielding remarkable plasmonic properties are presented in the [Supporting Information](#notes-1){ref-type="notes"}, Figure S4. As a first example, localized plasmon modes were investigated for a dimer of nanocubes located side-by-side, with a separation of 4--5 nm (Figure [2](#fig2){ref-type="fig"}). This system has been previously discussed, both theoretically^[@ref44],[@ref46]^ and experimentally by near-field optical imaging techniques.^[@ref47]^ The acquired EEL spectra of the nanocubes dimer is displayed in Figure [2](#fig2){ref-type="fig"} and reveals six major plasmon modes. The lowest energy mode corresponds to the dipolar mode of a (square) nanorod with a length that equals the sum of the length of the nanocubes, in agreement with previous studies.^[@ref46],[@ref48]^ The other five modes are more localized on either the corners or the sides of the nanocubes. The spatial distributions of all these modes are again in qualitative agreement with BEM simulations, as presented in Figure [2](#fig2){ref-type="fig"}.

![Plasmon mapping of a dimer made of two Au\@Ag core--shell nanocubes. The HAADF-STEM projection in the inset shows that the nanocubes tend to orient themselves side by side even when they are not in direct contact. The low loss EEL spectra were acquired at the positions indicated in the inset, with the same color as the actual spectra. From these spectra, six major plasmon modes are identified and labeled from A to F. The experimental plasmon maps are in good qualitative agreement with the BEM simulations. The color map is scaled between 0 and the maximum value of the percentage of the summed spectra which equals 0.149%, 0.176%, 0.178%, 0.247%, 0.286%, and 0.294% for panels A--F, respectively.](jp-2014-02584t_0002){#fig2}

Due to the side-by-side arrangement of the individual nanocubes, a variety of large regular arrays can be found. An example is an array of 6 nanocubes that are organized in a 2 × 3 matrix, which is displayed in Figure [3](#fig3){ref-type="fig"}. In addition, linear chains of nanocubes are presented in this figure as well with a length of 2 and 3 nanocubes. It is interesting to compare maps obtained at the same energy losses from these three structures. The acquired spectra are presented in Figure S5, [Supporting Information](#notes-1){ref-type="notes"}. As can be observed, the modes of the array along the two orthogonal directions display the same symmetry as the modes of the isolated linear chains. This is due to the fact that the arrayed structure is quantized in two orthogonal directions where the quantization condition along the two axes corresponds to those of arrays of 3 × 1 and 2 × 1 nanocubes, respectively.

To understand this phenomenon, BEM simulations, as presented in the [Supporting Information](#notes-1){ref-type="notes"} (Figure S6), have been performed indicating that the plasmon modes of an array of 2 × 3 nanocubes are similar to those of a single rectangular particle with the same outer dimensions as the array. When the gap size between the particles is small in comparison to the wavelength of the plasmon mode, the influence of the gap on the mode is negligible and the response of the total structure can be understood qualitatively as if the gaps were not present. Deviations from this qualitative model are expected to be significant only at plasmon modes which are located at higher energy losses. These findings open up the opportunities to construct large nanostructures based on single nanocubes and conversely to describe the plasmonic behavior of a large superstructure as that of a single larger structure.

![Plasmon modes of both linear and 2D arrays of nanocubes. Since the quantization condition of such a rectangular array is a combination of the quantization conditions in the isolated chains, the frequencies at which the different plasmon resonances occur are related as well. The color code is kept constant in each row to enable a comparison of the intensities between the three different plasmonic structures.](jp-2014-02584t_0003){#fig3}

The previous examples show that the plasmonic properties of the assemblies are similar to those of a larger continuous system with the same shape and size as the structure formed by the individual nanocubes, enabling the synthesis of structures with tailored plasmonic properties in a more flexible manner by starting from elementary building blocks.

Interestingly, 3 nanocubes may form an approximately triangular array, as shown in Figure [4](#fig4){ref-type="fig"}, in which the acquired EEL spectra at three different positions are also displayed. The plasmon maps that are extracted from the measurements are again in good agreement with those simulated for the same morphology. From these maps (Figure [4](#fig4){ref-type="fig"}a,b), it can be observed that the main plasmon modes are obtained at energy losses of 1.2 and 1.6 eV and are in qualitative agreement to the plasmon modes of a nanotriangle.^[@ref11]^ At higher energy losses, the plasmon modes have a shorter wavelength, and are therefore more strongly influenced by deviations from a perfect triangular structure.^[@ref49]^ This results in multiple regions of high intensity that are mainly located at the corners of the individual cubes as can also be appreciated from the experimental maps and simulations included in Figure [4](#fig4){ref-type="fig"}, clearly demonstrating the difference between a perfect triangle and the structure that was investigated experimentally. It is obvious that a more accurate triangular shape can be obtained when using more nanocubes. A triangle resulting from the self-assembly of 6 individual nanocubes instead of 3 was found in this sample as well and the plasmon mapping is displayed in the [Supporting Information](#notes-1){ref-type="notes"}, Figure S7.

![Surface plasmon modes of a triangle comprising three Au\@Ag core--shell nanocubes. The inset shows a HAADF-STEM projection from three Au\@Ag core--shell nanocubes that are arranged in a triangular shape. Panels A and B show the correspondence between the plasmon modes of the experimental investigated structure and an ideal nanotriangle. The unprocessed EELS spectra were acquired at the positions indicated by the dots of the corresponding colors. When inspecting these spectra, several modes are observed, which are in qualitative agreement with BEM simulations (A--F). The color map is scaled between 0 and the maximum value of the percentage of the summed spectra which equals 0.107%, 0.131%, 0.156%, 0.169%, 0.245%, and 0.313% for panels A--F, respectively.](jp-2014-02584t_0004){#fig4}

A nanotriangle constructed as illustrated in Figure [4](#fig4){ref-type="fig"} could possibly act as the first half of a simplified bow-tie antenna. The bow-tie antenna structure consists of two triangular parts where the corner of the first triangle points toward a corner of the second triangle. In the present case, the gap between both triangular structures equals 56 nm. Such an antenna has great potential due to the field enhancement in the central region between the two triangles caused by plasmon coupling.^[@ref13],[@ref50]^ Field enhancement has found important applications for example in single molecule sensors or for the fabrication of optical antennas.^[@ref50],[@ref51]^ The ordering of the nanocubes occasionally leads to the formation of such an antenna as illustrated in Figure [5](#fig5){ref-type="fig"}. Even with the simplified geometry, where each triangle comprises 3 cubes only, the field enhancement due to the coupling can be clearly visualized in the center of both the experimental and the simulated plasmon maps. As presented in Figure [5](#fig5){ref-type="fig"}, the field enhancement is caused by hybridization of the plasmon mode (at 1.2 eV) of the individual structures yielding a symmetric state at 1.1 eV and an antisymmetric state at 1.35 eV, respectively. For these states, the loss probability is respectively reduced and strongly increased in the region between the two triangular structures when compared to the isolated triangle. This is in agreement with previous studies where hybridization between different nanostructures was characterized.^[@ref52],[@ref53]^ As reported in the literature, the difference in energy between the two hybridization modes increases with a decreasing width between the two structures, meaning that the energy at which the field enhancement is maximal shifts as a monotonic function of the gap width.^[@ref52]^ This is confirmed by simulations as presented in Figure S8, [Supporting Information](#notes-1){ref-type="notes"}. In addition, the BEM simulations of the field enhancement in Figure S8 ([Supporting Information](#notes-1){ref-type="notes"}) provide useful information to optimize the design of such an antenna constructed from individual nanocubes. For different gap sizes between the two structures, the energy loss probability is simulated in the region between the two triangular structures. The results indicate that the energy loss probability of the incoming electrons reaches a maximum when the gap between the two structures equals 35 nm. A larger or a smaller gap results in a decrease of the signal. When the energy loss measurements are compared to the field enhancement obtained by an optical excitation, some differences are observed, since for optical excitations the maximum in the field enhancement tends to increase with a decreasing gap length between neighboring structures.^[@ref51],[@ref54],[@ref55]^ The differences between optical excitations and excitations caused by fast electron beams have been discussed theoretically by Hohenester and co-workers.^[@ref56]^

The plasmon modes present in the spectrum acquired at higher energy losses (\>2 eV) are more localized and therefore less influenced by the coupling of both structures. As a consequence, their spatial extent remains comparable to the modes of a single triangle. These plasmon modes are displayed in the [Supporting Information](#notes-1){ref-type="notes"}, Figure S9.

![Hybridization of plasmon modes at a bow-tie antenna structure obtained by a specific order of self-assembled nanocubes. When two triangular structures (A) are approaching (B), hybridization splits the original lowest energy plasmon mode into two separate modes; a symmetric and an antisymmetric mode with an energy that is shifted downward or upward, respectively.](jp-2014-02584t_0005){#fig5}

In this paper, the arrays of nanostructures were obtained by self-assembly of the nanocubes on a SiN support grid resulting in a side-by-side arrangement. Previously, it has been shown by several groups that control over this ordering process can be achieved by modification of the polymers (or other capping ligands) that are attached to the side facets of the individual particles,^[@ref44]^ e.g., by using specific DNA sequences^[@ref57],[@ref58]^ or by using template matching assembly on a predefined substrate.^[@ref30],[@ref59]^ For example, Xia and co-workers recently reported the creation of specific predefined structures from Ag nanocubes by modifying their side facets with hydrophobic and/or hydrophilic monolayers.^[@ref60]^ As presented in this work, this opens up the possibility to obtain assemblies that yield useful plasmonic applications.^[@ref61]^

4. Conclusion {#sec4}
=============

In conclusion, we have shown that arrays of Au\@Ag core--shell nanocubes constitute a valid alternative to lithography methods for the fabrication of relatively complex structures with interesting plasmonic properties, based on the self-assembly of elementary building blocks. As an example, we investigated regular arrays of Ag nanocubes, as well as compositions of triangles made of several nanocubes. We demonstrated that two of these triangles can be used to obtain a bow-tie antenna that leads to a large field enhancement in the spatial region between both triangles.

Details on sample preparation, a comparison between EELS data before and after background subtraction, EELS data fitted to a model of three Lorentzian curves, UV--vis spectra, an overview of different geometries obtained from nanocubes, the energy loss spectra for the 2 × 3 array, a comparison between a 2 × 3 array and a single particle, a STEM image of a triangular shape obtained from 6 nanocubes, an image showing the energy shift in the bow-tie antenna, and plasmon maps of the higher order modes of the bow-tie antenna. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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